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Abstract 
This paper discusses the theory and experiments of heating and air cooling of battery modules. The heating mechanisms are 
shown first. Then, cooling of a single battery is examined. Optimum air flow speed is discussed. 
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1. Introduction 
In aiming for low carbon emissions and an energy-saving society, lithium ion batteries play important roles. 
When carrying out boost charging, Joule heat occurs, which is dangerous and also leads to degradation of the battery. 
Cycle degradation arises by repeating the charge and discharge of a battery. The degradation speed is accelerated 
almost twice by a ten degree rise battery temperature. In this paper, air cooling is used for the purpose of suppressing 
the rise in heat at the time of charge. 
2. Theory of Heating 
The thermal behavior of a battery is expressed with a thermal circuit as shown in Fig.1(a). In this figure,  is 
the total heat flow, including joule heat ( ) and entropy heat () generated in the battery.  is the calorific 
capacity of the battery.  is the thermal resistance of the battery.  is thermal resistance of air.  is internal 
battery temperature,  is battery surface temperature,  is ambient temperature. The quantity of heat in each SOC 
is shown in Fig. 1(b). 
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Fig. 3. (a) ; Thermal resistance of battery in each SOC  at the time of charge (b) Calorific capacity of battery in each SOC  at the time of charge 
 
3. Theory of Air Cooling 
Air cooling [1-3] is executed by controlling the value of [K/W].  It is shown by formula (3). Then, h[J/ K] 
is obtained by formula (4). Nu is the Nusslet number, λ[W/(mK)] is the thermal conductivity of fluid, and d [m] is 
the characteristic length. 
 
                                                         (3) 
 
                                                          (4) 
 
In the case of a forced convection, Nu is shown by formula (5). Re is the Reynolds number.  C and n depend on 
Re, which is given in formula (6). U[m/s] is the wind velocity. Pr is the Prandtl number, shown in formula (7).  
v[/s] is dynamic viscosity. a[/s] is a temperature diffusion coefficient.  and a are physical property values. 
Formula (8) is derived by (3-4) and (5-7). By increasing the wind velocity U, the value of  becomes smaller. 
Consequently, the battery temperature can be reduced. Here, K is a compensation parameter for the required 
conditions. 
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Table 1. Measured 
values and theoretical correction  values of thermal resistance.  
 
 
 
 
 
 
 
Table 2. Cooling effects.  
 
 
 
 
 
 
4. Summary 
Temperature reduction by forced convection is observed from 11.4 [] to 12.8 []. Also, the tradeoff between 
temperature reduction and power required to cool was discussed.  Theory and verification by experimentation of 
heating and air cooling of battery modules were presented. It was verified that the air cooling is formulated by using 
air resistance surrounding a battery cell, and it is dependent on the surrounding temperature and surrounding wind 
velocity. The experimental results show this method is very accurate. Variation of temperature rise is observed and 
an efficient compensation coefficient is applied. 
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Wind velocity [m/s] 4.20 5.70 7.10 8.60 
Measured value[K/W] 2.67 2.47 2.16 2.01 
Theoretical  correction 
value[K/W] 2.96 2.43 2.12 1.89 
Error[%] 9.76 1.65 1.89 6.35 
Wind velocity [m/s] 4.20 5.70 7.10 8.60 
C: Temperature reduction [] 11.4 11.6 12.3 12.8 
P: Power for cooling[W] 1.00 2.90 4.70 7.20 
C/P: Cooling effect [/ W] 11.4 4.03 2.62 1.78 
